Aim: Pirt is a two-transmembrane domain protein that regulates the function of a variety of ion channels. Our previous study indicated that Pirt acts as a positive endogenous regulator of the TRPM8 channel. The aim of this study was to investigate the mechanism underlying the regulation of TRPM8 channel by Pirt. Methods: HEK293 cells were transfected with TRPM8+Pirt or TRPM8 alone. Menthol (1 mmol/L) was applied through perfusion to induce TRPM8-mediated voltage-dependent currents, which were recorded using a whole-cell recording technique. PIP2 (10 μmol/L) was added into the electrode pipettes (PI was taken as a control). Additionally, cell-attached single-channel recordings were conducted in CHO cells transfected with TRPM8+Pirt or TRPM8 alone, and menthol (1 mmol/L) was added into the pipette solution. Results: Either co-transfection with Pirt or intracellular application of PIP2 (but not PI) significantly enhanced menthol-induced TRPM8 currents. Furthermore, Pirt and PIP2 synergistically modulated menthol-induced TRPM8 currents. Single-channel recordings revealed that co-transfection with Pirt significantly increased the single channel conductance. Conclusion: Pirt and PIP2 synergistically enhance TRPM8 channel activity, and Pirt regulates TRPM8 channel activity by increasing the single channel conductance.
Introduction
TRPM8 was first identified as a Ca 2+ -permeable nonselective cation channel that can be activated by menthol and temperatures below 25 °C [1, 2] . In the peripheral nervous system (PNS), TRPM8 is expressed in the dorsal root ganglion (DRG) and trigeminal ganglia. The gating behavior of TRPM8 is regulated by several exogenous and endogenous factors. For example, the intracellular pH in the physiological range modulates the activation of TRPM8 by icilin and cold temperatures but not menthol [3] . The lysophospholipids and polyunsaturated fatty acids from phospholipase A2 (PLA2) mediate TRPM8 sensitization and activation [4] . Moreover, phosphatidylinositol-4,5-bisphosphate (PI(4,5)P 2 or PIP2), a common regulator of different ion channels including the transient receptor potential (TRP) channels [5] [6] [7] , participates in the activation of TRPM8 by the cold and menthol [8] . Phosphoinositide interacting regulator of TRP (Pirt), a twotransmembrane domain protein specifically expressed in the PNS, was first identified as a positive modulator of TRPV1 via binding to PIP2 [9] . Pirt-null mice exhibit impaired pain behavior to capsaicin and noxious heat [9] . In addition, Pirt also contributes to both non-histamine-and histamine-dependent itch sensations [10] . Recently, we demonstrated that Pirt functions as an endogenous regulator of TRPM8 [11] . Pirt -/-mice displayed decreased behavioral responses to cool temperatures compared with Pirt +/+ mice. TRPM8 channel currents that were induced by menthol and cool temperatures were significantly reduced in the Pirt -/-DRG neurons. Pirt also inhibits purinergic receptor P2X3 and reduces bladder overactivity [12] , but unlike the Pirt positive regulation of TRPV1, this inhibitory effect is mediated through the interaction between the Pirt N-terminal and P2X3 [12] . Pirt promotes TRPM8 channel activity [11] , but the underlying 
Materials and methods

Cell culture
Human embryonic kidney (HEK) 293 cells were obtained from Dr Paul Worley's laboratory at Johns Hopkins University School of Medicine. The growth medium of HEK293 cells consisted of 90% DMEM, 10% fetal bovine serum, 50 U/mL penicillin, and 50 μg/mL streptomycin-glutamine (Invitrogen). The cells were cultured at 37 °C in the presence of 95% O 2 and 5% CO 2 . HEK293 cells were transfected with TRPM8+Pirt and TRPM8 alone mouse plasmids. An enhanced green fluorescent protein (GFP) cDNA tag was also used to confirm successfully transfected cells. Lipofectamine 2000 (Invitrogen) was used to deliver the cDNA. After 18-24 h, the cells were plated onto glass coverslips coated with poly-D-lysine and laminin. Chinese hamster ovary (CHO) cells were cultured in a medium consisting of 90% DMEM, 10% FBS, 100 U/mL penicillin, and 100 μg/mL streptomycin. GlutaMAX (Gibco 35050-061) was also added. The CHO cells were cultured using the same methods as for the HEK cells. The single-channel recording experiments were performed after an additional 1-2 d.
Electrophysiological recording
Whole-cell recordings were performed in HEK293 cells transfected with TRPM8+Pirt+GFP and TRPM8+GFP. The transfected cells were identified using GFP fluorescence and were selected for recording. To diminish the effect of drugs used in the previous cell recording, only one cell per coverslip was tested. The current signal was collected and measured with an Axon 700B amplifier and the pClamp9.2 software package (Axon Instrument), respectively. The electrodes were pulled (Sutter, model P-97) from borosilicate glass (Sutter Inc) and had a resistance of 2-4 MΩ. The series resistance was usually less than 10 MΩ and was not compensated. All experiments were performed at room temperature (~25 °C). The electrophysiological recordings were performed by one individual who was blinded to the genotype. After breaking the cell membrane and forming a stable whole-cell recording configuration, the capacitance values were obtained from the amplifier.
For whole-cell voltage-clamp recordings, the train of voltage steps ranged from -100 mV to +100 mV with 20 mV step sizes that lasted 20 ms. To confirm the specificity of the TRPM8 channel to the stimulation of the voltage changes, a train of voltage step stimulations were provided at the peak with 1 mmol/L menthol inducing an inward current. The holding potential was kept at -60 mV when various voltage stimuli were applied to the recorded cells. Whole-cell recording data were sampled at 2 kHz and filtered at 0.5 kHz for analysis.
For singe-channel recording, the cell-attached recording mode was adapted in CHO cells expressing TRPM8+Pirt and TRPM8 alone. Menthol (1 mmol/L) was added into the electrode pipette to detect TRPM8 channel activity, but it was absent from the bath solution. Voltage steps ranging from -80 mV to +80 mV with a 20 mV step size were performed to analyze TRPM8 single-channel activity. The single-channel currents were sampled at 0.5 kHz and filtered with an 8-pole with a low pass Bessel filter at 0.1 kHz. As the dwelling time of TPRM8 single-currents was >0.5 s, the single-channel unitary current (i) was determined from the best-fit Gaussian distribution of amplitude histograms. Single-channel activity was calculated from NPo=I/i, where I is the mean total current in a patch, and i is the unitary current at this voltage. The open probability (Po) for the main conductance is presented in the figures. For single-channel slope conductance, linear fitting was used separately for the positive and negative holding potentials. The single-channel recording data were analyzed with Clampfit 9.2 software. The "event detection" function option in the main menu was used to analyze the single channel current traces, determine the number of channels in the patch (N), and calculate the conductance.
Drugs and solutions
For the whole-cell recordings, HEK293 cells were perfused with an extracellular solution comprising 140 mmol/L NaCl, 4 mmol/L KCl, 2 mmol/L CaCl 2 , 2 mmol/L MgCl 2 , 10 mmol/L HEPES, and 5 mmol/L glucose, and the pH was adjusted to 7.38 using NaOH. The intracellular pipette solution comprised 135 mmol/L KCl, 3 mmol/L MgATP, 0.5 mmol/L Na 2 ATP, 1.1 mmol/L CaCl 2 , 2 mmol/L EGTA, and 5 mmol/L glucose. The pH was adjusted to 7.38 using KOH, and the osmolarity was adjusted to 300 mOsm using sucrose. For the PIP2 and PI experiments, 10 μmol/L PIP2-diC8 or PI-diC8 was added to the intracellular pipette solution. Menthol was used as a TRPM8 agonist. It was dissolved in ethanol (100 mg/mL), stored at -20 °C, and diluted with extracellular solution to different concentrations. All of the solutions were applied to the cells at a rate of 1 mL/min via a gravity-fed perfusion system (VC-6 Six Channel Valve Controller, Warner Instruments)
For the single-channel recordings, the bath solution for recording CHO cells comprised 100 mmol/L K-gluconate, 4 mmol/L KCl, 1 mmol/L MgCl 2 , 1 mmol/L EGTA, 10 mmol/L glucose, and 10 mmol/L HEPES (pH 7.3). The pipette solution for the single-channel recordings included 100 mmol/L Na-gluconate, 10 mmol/L NaCl, 1 mmol/L MgCl 2 , 2 mmol/L CaCl 2 , 10 mmol/L glucose, and 10 mmol/L HEPES (pH 7.3).
Data analysis
The electrophysiological data were analyzed and fitted using Clampfit (Axon instruments, Foster city, CA, USA) and Origin Pro 8 (Origin Lab, USA) software. All of the data were analyzed with an unpaired Student's t-test and expressed as the mean±standard errors of the means (SEM). The statistical significance was set at P<0.05. 
Pirt enhances TRPM8-mediated voltage-dependent currents via PIP2
We previously demonstrated that Pirt increased TRPM8-mediated currents via positively charged amino acids residues in its C terminal [11] . To investigate the effect of PIP2 on Pirtmediated regulation of TRPM8, we increased the intracellular PIP2 concentration by adding 10 μmol/L of PIP2 into the electrode pipette. A 10 μmol/L PI solution was used as a control. We measured the current-voltage relationships in HEK293 cells expressing TRPM8+Pirt and TRPM8 alone. In the recordings, the depolarizing voltage steps ranging from -100 mV to +100 mV were applied to induce currents in the presence of 1 mmol/L menthol. The background current was examined prior to the addition of menthol, and an identical protocol was performed when the inward current reached the maximum menthol perfusion, which indicated the maximum opening state of the TRPM8 channel ( Figure 1A and 1D) . The subtraction of two currents that were evoked by the background current (before) and the menthol inward currents (after) should identify a relatively pure TRPM8-mediated voltage-dependent current ( Figure 1B and 1E) . We observed that the current density was significantly larger in TRPM8+Pirt cells than in TRPM8 cells at potentials ranging from -100 mV to +100 mV ( Figure 1C) . In cells transfected with TRPM8+Pirt, the current density was significantly greater with the addition of PIP2 than with the addition of PI ( Figure 1F ). Taken together, these results indicate that Pirt may enhance TRPM8-mediated voltage-dependent currents via PIP2.
Pirt and PIP2 contribute synergistically to the TRPM8-mediated voltage-dependent current As we previously demonstrated that Pirt could bind PIP2 and form a complex with TRPM8 [9] , we hypothesized that Pirt and PIP2 contributed synergistically to TRPM8-mediated voltagedependent activity. We observed that Pirt-overexpressing , n=21) , where PIP2 (10 μmol/L) was added into the electrode pipette. Whole-cell inward currents evoked by 1 mmol/L menthol were analyzed using a series of 20-ms step pulses (-100 mV to + 100 mV in 20 mV steps from -60 mV holding potential; the protocol is shown in Figure 1E ). Before, background currents; after, currents elicited during menthol perfusion. (B) The net currents mediated by TRPM8 were calculated from (A). (C) I-V curves constructed from TRPM8-mediated net currents (after-before) for HEK293 cells stably expressing TPRM8 alone (TRPM8+PIP2, n=21, red line) or co-transfected with Pirt (Pirt+TRPM8+PIP2, n=21, black line). PIP2 (10 μmol/L) was added into the electrode pipette. (D) Menthol (1 mmol/L)-evoked inward current responses of HEK293 cells stably expressing TRPM8 alone (TRPM8+PIP2, n=21) were analyzed with the same protocol described in (A), where PIP2 (10 μmol/L) was added into the electrode pipette. (E) The net currents mediated by TRPM8 were calculated from (D). (F) I-V curves constructed from TRPM8-mediated net currents (after-before) for HEK293 cells stably expressing TPRM8 co-transfected with Pirt. PIP2 (10 μmol/L, Pirt+TRPM8+PIP2, n=21, black line) and PI (10 μmol/L, Pirt+TRPM8+PI, n=26, blue line, the representative current traces are not shown) were added into the electrode pipette. The reversal potentials for groups (C and F) of cells were close to 0 mV, characteristic of a TRPM8-mediated current. Figure 2A , 2B and 2C). Furthermore, compared with TRPM8 alone, Pirt+TRPM8+PIP2 exhibited a significantly larger current density in the whole range of holding voltage potentials except at 0 mV, which indicates the reversal potential of most TRP channels ( Figure 2D , 2E and 2F). Taken together, these data suggest that Pirt and PIP2 contribute synergistically to modulate the TRPM8-mediated voltage-dependent current.
PIP2 but not PI participates in the regulation of Pirt-mediated TRPM8 As we observed that Pirt and PIP2 enhanced the excitability of the TRPM8 channel in a voltage-dependent manner, we speculated that Pirt and PIP2 could form a complex that regulated TRPM8 function. We measured the TRPM8-mediated inward current in the presence of 1 mmol/L menthol applied to the bath solution. In this test, all recording cells were held at -60 mV at voltage-clamp. Similar to the previous test, PI was added into the electrode pipette solution during the recording process, and the same stimulus protocol was adopted.
The current density did not significantly differ between TRPM8+Pirt and TRPM8 alone after PI was added into the electrode pipette solution ( Figure 3B, 3D and 3E) . Similarly, in the TRPM8 alone overexpression cells, PIP2 and PI did not cause observable differences in the inward current ( Figure 3E ). In addition, we measured the capacitance of all recorded cells and observed no significant difference among these groups ( Figure 3F ). However, the inward current induced by menthol was significantly larger in the presence of PIP2 than in the presence of PI ( Figure 3A, 3B and 3E ). When the intracellular solution included PIP2, the inward current was significantly larger in the cells overexpressing TRPM8+Pirt than in those overexpressing TRPM8 alone ( Figure 3A, 3C and 3E) . Thus, these data suggest that Pirt enhances TRPM8 activity in response to menthol via PIP2 but not PI.
Pirt increases the conductance of TRPM8 at a single channel level We previously demonstrated that Pirt increased the TRPM8 channel activity in response to electrical and chemical stimuli, but it did not affect the expression level of the TRPM8 protein [11] . Therefore, we hypothesized that Pirt might modulate To test this hypothesis, we performed cell-attached single channel recordings in CHO cells overexpressing TRPM8+Pirt and TRPM8 alone. As expected, when 1 mmol/L of menthol was added to the patch electrodes solution, various unitary currents were observed in both the cells overexpressing TRPM8+Pirt and TRPM8 alone at various holding potentials ( Figure 4A and 4B). In contrast to TRPM8 alone cells, the unitary current was robustly enhanced in cells overexpressing TRPM8+Pirt at -60 mV and +60 mV ( Figure 4A and 4B). At negative holding voltage ranges, the channel conductance was significantly larger in TRPM8+Pirt cells than in TRPM8 alone cells at -80 and -60 mV holding potentials ( Figure 4C ). The conductance was also significantly larger in TRPM8+Pirt cells than in TRPM8 alone cells at +40 mV to + 80 mV holding potentials ( Figure  4D ). These data indicate that Pirt increases TRPM8 single channel conductance. In regard to the open probability of the channel, we did not observe significant differences between TRPM8+Pirt cells and TRPM8 alone cells at most holding potentials except at +60 mV ( Figure 4E ). The number of open channels in the TRPM8+Pirt group and the TRPM8 alone group were plotted as Gaussian distributions. Pirt observably shifted the fitted curve to the right ( Figure 4F ). Taken together, these data suggest that Pirt increases the activity of TRPM8 by changing the conductance of the channel.
Discussion
PIP2 has been shown to modulate the physiological function of a variety of ion channels by acting as the substrate for cleavage by the enzyme phospholipase C (PLC) [5, 6] . PIP2 has been proposed to underlie the regulation of inwardly rectifying K + (Kir) channels by diverse factors such as G protein, sodium, and magnesium ions, phosphorylation, and pH [13] [14] [15] [16] . PIP2 also regulates various TRP channels by numerous exogenous and endogenous ligands and physical stimuli [17] [18] [19] [20] [21] [22] [23] [24] . We previously demonstrated that Pirt directly enhanced the activity of the TRPM8 channel as an endogenous regulatory factor [11] . In the present study, we observed that PIP2 robustly increased the Pirt's regulatory function of TRPM8. Although we know that PIP2 and Pirt could interact with each other, it was not clear how a PIP2-Pirt enhanced the activity of TRPM8. PIP2 and Pirt may form a complex that binds to the TRP domain of We previously determined that Pirt positively regulates the activity of TRPM8 but does not change the expression level of the TRPM8 protein [11] . Therefore, we propose that Pirt improves the voltage-dependent activity of TRPM8 upon menthol stimulation by changing the gating properties of the TRPM8 channel. In our cell-attached single channel recording test, we obtained single-channel data from CHO cells overexpressing TRPM8+Pirt and TRPM8 alone and analyzed the gating properties of TRPM8. We observed that the conductance of the TRPM8 channel was significantly augmented in cells overexpressing TRPM8+Pirt compared with cells overexpressing TRPM8 alone ( Figure 4C and 4D) , indicating npg that the ion channel pore size was enlarged in the presence of a Pirt-TRPM8 interaction. However, the open probability of the TRPM8 channel did not change observably at different pipette potentials from -80 mV to +80 mV, except at +60 mV ( Figure 4E ). In addition, the Gauss distribution of the channel open probability was also shifted to the right in TRPM8+Pirt cells ( Figure 4F ), indicating that more channels were not fully opened in TRPM8+Pirt cells than in TRPM8 alone cells. These multiple sub-conductance characteristics likely cause the larger current observed in TRPM8+Pirt overexpressing cells. Therefore, Pirt enhances the current of the TRPM8 channel mainly through raising the conductance. In summary, PIP2 and Pirt together robustly increased the excitability of the TRPM8 channel likely through forming a complex. Moreover, Pirt enhanced the current of TRPM8 mainly through improving the conductance of the channel.
